ment, we evaluated 374 individual genotypes from 120 accessions of wild diploid alfalfa collected throughout the Northern Hemisphere and representing the three diploid subspecies, M. sativa subsp. falcata, M. sativa subsp. caerulea, and M. sativa subsp. hemicycla. We measured total biomass yield, stem cell wall constituents (neutral detergent fi ber, acid detergent fi ber, acid detergent lignin, glucose, xylose, and arabinose), and important agronomic traits in fi eld trials at two Georgia locations in 2007 and 2008 . A large amount of phenotypic variation exists in the diploid gene pool for all traits. Yield variation among accessions spanned more than an order of magnitude. High-yielding accessions tended to have higher levels of cell wall constituents. Clustering of genotypes or accessions on the basis of phenotypic traits differed from the population structure pattern observed previously with molecular markers. The results show that phenotypic variation is very large in diploids, offering a potentially useful pool of alleles for future breeding efforts.
cultivars, produced by hybridizing populations that express heterosis for biomass yield (Brummer 1999) . Hybrids between semidormant M. sativa subsp. sativa and subsp. falcata show yield heterosis (e.g., Riday and Brummer, 2002) , but more agronomically useful nondormant germplasm shows limited heterosis with semidormant cultivars (Sakiroglu and Brummer, 2007) , except for the Peruvian germplasm (Segovia-Lerma et al., 2003; Maureira et al., 2004) . A third method to improve yield is to identify quantitative trait loci (QTL) for yield and subsequently introgress them into modern cultivars. These "yield alleles" could be derived from any germplasm, from elite tetraploid cultivars to wild diploids. A combination of QTL introgression, recurrent selection, and heterosis capture could greatly improve alfalfa yields.
Conversion effi ciency-the amount of energy that can be derived from a given amount of biomass-is the second characteristic important for a potential biofuel. It can be altered by modifying cell wall components; for example, bioethanol production is facilitated if lignin is minimized and cellulose maximized (Farrokhi et al., 2006) . In alfalfa, cell wall components have been modifi ed through selection and transgenic approaches to increase forage quality and digestibility (Buxton and Russell, 1988; Albrecht et al., 1987; Reddy et al., 2005) , and improving conversion effi ciency will require similar changes to the cell wall. Cellulose and hemicellulose are embedded in a matrix of lignin that needs to be disrupted by pretreatment of biomass to increase microbial access to the sugars; pretreatment is one of the most expensive procedures during cellulosic bioethanol production (Dien et al., 2006) . A reduction of lignin could increase saccarifi cation at the pretreatment stage by increasing access to cellulose and hemicellulose (Chen and Dixon, 2007; Jackson et al., 2008) .
Modifying cell walls can be done by recurrent selection, by marker-assisted QTL introgression, or through transgenic approaches. Selection has been eff ective at modifying alfalfa for forage nutritive value (Coors et al., 1986; Demment et al., 1986; and Shenk and Elliott, 1971) , essentially the same changes that are needed for bioethanol production. Genetic mapping to identify QTL aff ecting cell wall composition, and thereby conversion effi ciency of biomass into ethanol, can be used to identify natural allelic variation that could be incorporated into breeding populations via marker-assisted selection. Down-regulation of enzymes in the lignin biosynthetic pathway by transgenic methods have signifi cantly lowered lignin content and increased digestibility (Baucher et al., 1999; Reddy et al., 2005; Guo et al., 2001a; Nakashima et al., 2008) .
Virtually all cultivated alfalfa is a tetrasomic tetraploid (2n = 2x = 32), and almost all germplasm evaluation and manipulation has been done on tetraploids. However, diploid (2n = 2x = 16) germplasm may off er a simpler means of identifying and manipulating desirable QTL alleles for important traits. Because hybridization is possible across ploidy levels through unreduced eggs (McCoy and Bingham, 1988) , diploid alleles can be incorporated into tetraploid breeding populations. Three naturally occurring diploid taxa are part of the larger Medicago sativa species complex: M. sativa subsp. falcata, which has yellow fl owers and sickle-shaped pods; M. sativa subsp. caerulea, with purple fl owers and coiled pods; and their natural hybrid, M. sativa subsp. hemicycla, which possesses variegated fl owers and pods with approximately one coil (Quiros and Bauchan, 1988) . Previously, we investigated the population structure of a wide range of diploid alfalfa germplasm using simple sequence repeat (SSR) markers (Sakiroglu et al., 2010) . The results indicated that the three subspecies of diploid germplasm were clearly diff erentiated by SSR markers. Additionally, two distinct caerulea groups corresponding to northern and southern regions and two distinct falcata groups diff erentiated by ecogeography as either lowland or upland ecotypes were identifi ed (Sakiroglu et al., 2010) .
Knowledge of the biofeedstock potential of the fi ve germplasm groups will help breeders more eff ectively use diploid germplasm to develop improved cultivars. Therefore, our objectives were (i) to measure the variation for biomass yield and composition in the diploid gene pool of cultivated alfalfa as a prelude to genetic mapping in diploid populations, and (ii) to investigate the population structure of wild alfalfa on the basis of phenotype compared with that detected previously with genotypic data.
MATERIALS AND METHODS

Plant Materials and Experimental Design
We selected 374 individuals from 120 diploid accessions of M. sativa from the USDA collections. The accessions were sampled from throughout the Northern Hemisphere to represent the natural distribution of diploid accessions from the three subspecies. Each accession was represented by one to four individual genotypes. All genotypes were grown and clonally propagated at the University of Georgia Crop & Soil Sciences Greenhouse before transplanting to the fi eld. We conducted fl ow cytometry to confi rm the ploidy level of each genotype and recorded morphological characters, including fl ower color and pod shape, that are used for taxonomic classifi cation. Further details are presented in a companion paper (Sakiroglu et al., 2010) .
Field experiments were established on 10 May 2007 at the University of Georgia Plant Sciences Farm near Watkinsville, GA (33°52´ N; 83°32´ W), in a Cecil sandy loam (fi ne, kaolinitic, thermic typic kanhapludults) and on 18 June 2007 at the UGA Central Georgia Research and Education Center near Eatonton, GA (33°24´ N; 83°29´ W), in a Davidson loam (fi ne, kaolinitic, thermic rhodic kandiudults). At the Plant Sciences Farm, a triple α-lattice with each complete block (replication) consisting of 24 incomplete blocks of 16 entries was used for the experimental design. Ten check entries were planted to complete the design. Each plot consisted of four clones planted 15-cm apart in a single row. Plots were separated side-by-side and end-by-end by 75 cm. The trial at Eatonton included 115 incubated with 1.25 mL of 12 M sulfuric acid for 1 h at 30°C. The acid was diluted to 0.4 M by adding 35 mL of water to the tubes, which were then autoclaved at 125°C for 1 h. After cooling, 1-mL aliquots of the hydrolysates were diluted to a volume of 100 mL in deionized water and fi ltered using 0.45-m syringe fi lters. Filtrates were analyzed for arabinose, xylose, and glucose by high-performance liquid chromatography with an electrochemical detector (Dionex ED 50 Electrochemical Detector, Dionex, Sunnyvale, CA) using a Carbopac PA200 column (Dionex, Sunnyvale, CA). Separations were made using 2 mM NaOH as the mobile phase at a fl ow rate of 0.48 mL min -1 , a column temperature of 30°C, and an injection volume of 25 μL.
Calibration equations for fi bers and sugars were developed using modifi ed partial least squares regression (Shenk and Westerhaus, 1991) . Coeffi cients of determination (R 2 ) and standard errors of the calibration and cross validation were; 0.98, 0.88, and 1.18 for NDF; 0.98, 0.80, and 1.07 for ADF; 0.96, 0.34, and 0.48 for ADL; 0.97, 0.52, and 0.67 for total nonstructural carbohydrates (TNC); 0.75, 1.68, and 1.87 for glucose; 0.90, 0.21, and 0.27 for arabinose; and 0.83, 0.55, and 0.61 for xylose (Windham et al., 1989) .
Data Analyses
We conducted analyses of variance for each trait using all data over the 2 yr and two locations to investigate interactions among genotypes, years, and locations. We fi t a mixed linear model including replications and blocks as random eff ects and years, locations, genotypes and the interactions among them as fi xed eff ects. We subsequently conducted analyses of variance by year over locations and by locations over years. We estimated least-squares means of all traits for each genotype, for each accession (across genotypes of that accession), and for fi ve genetically distinct groups (southern caerulea, northern caerulea, hemicycla, lowland falcata, and upland falcata) we identifi ed previously with genetic markers (Sakiroglu et al., 2010) . Mean separations were conducted using Fisher's protected least signifi cant diff erence (LSD). We used Spearman's rank correlation test for traits measured in both years in the Watkinsville trial to investigate ranking changes among entries. Pearson's correlations were calculated between selected traits using mean values from the Watkinsville trial. Eatonton data were not included because only a subset of genotypes was present and not all traits were assessed in that trial. All analyses were conducted using SAS 9.2 (SAS Institute, 2004). Statistical signifi cance was assessed at the 5% probability level unless otherwise indicated.
We used 23 traits measured in 2007 and 2008 in the Watkinsville trial to compute phenotypic distances among the 374 individual genotypes. The 23 traits included biomass yield, regrowth after harvest, NDF, ADF, ADL, TNC, glucose, arabinose, and xylose in each of 2 yr; stem weight and proportion of total biomass in the stem fraction, measured in 2007; and spring regrowth, plant height, and stem thickness measured in 2008. Phenotypic data for each trait were standardized and then used to calculate a Euclidian distance between all pairs of genotypes. A principal component analysis (PCA) was conducted to reduce the dimensionality of the data, enabling visualization of the relationships among genotypes on the basis of phenotypic data. We also estimated phenotypic distance and PCA of the 120 accessions in a similar manner. These analyses were conducted using NTSYS-pc (Rohlf, 1994) . entries planted in two replications as well as an additional 90 entries included in only a single replication because of limited cuttings. Plots in each replication consisted of three clones spaced 15-cm apart with plots separated in rows by 45 cm and rows spaced 75-cm apart. At both locations, plants were clipped approximately 1 mo after establishment and then allowed to regrow for the remainder of the season.
Biomass yield was measured on 17-18 Sept. 2007 at Watkinsville and 24 Sept. 2007 at Eatonton by clipping the entire plot at a uniform height of 5 cm, with the herbage placed in a paper bag, dried for 5 d at 60°C, and weighed. The stems and leaves were separated to determine stem weight of each plot, and the stem proportion of the total biomass was computed. The number of surviving plants was recorded at the time of harvest and was used to adjust yield to a four-plant plot basis. Plant regrowth was scored visually 2 wk after harvest using a scale of 1 = no regrowth to 9 = vigorous regrowth. The second year harvest was taken between 5 and 9 June 2008 at Watkinsville and 11 June 2008 at Eatonton in a similar manner. Plant survival was noted and regrowth ability was scored as described above. Before harvest, plant height of each plot in the Watkinsville trial was measured on each individual plant and a plot average computed. Stem thickness for each individual plot was measured in millimeters directly above the second node on each of four dried stems randomly selected from each plot; diameters were averaged for each plot before analysis. Spring regrowth of each plot in the Watkinsville trial was measured on 29 Mar. 2008. Stem weight and stem proportion were not recorded in 2008.
Composition Analyses
Composition analysis was conducted on stems from each of the four environments (Watkinsville 2007 , Watkinsville 2008 , Eatonton 2007 , and Eatonton 2008 . Stems were ground to pass a 1-mm mesh screen (Cyclone Mill, UDY Mfg., Ft. Collins, CO). Each stem sample was scanned by near-infrared refl ectance spectroscopy (Windham et al., 1989) . We used a NIRSystems 6500 scanning monochromator (NIRSystems, Silver Spring, MD) for collection of the refl ectance measurements (log 1/R) between 1100 and 2500 nm, recorded at 4-nm intervals. A subset of 97 samples was selected for calibration of spectroscopy using chemical analyses. The 97 calibration samples were used to determine neutral detergent fi ber (NDF), acid detergent fi ber (ADF), and acid detergent lignin (ADL). We determined NDF and ADF for the calibration set with fi ber bag technology using the ANKOM Fiber Analyzer and the Daisy incubator (ANKOM Technology, Macedon, NY) following Vogel et al. (1999) . We determined ADL and ash using the method of Van Soest et al. (1991) . The ANKOM bags containing the residual of the ADF procedure were placed in a 3-L Daisy II incubator jar and covered with 72% H 2 SO 4 . The samples were rotated in the incubator for 3 h, washed in hot water for 15 min and by acetone for 10 min, dried in a 100°C oven overnight, and weighed after cooling to room temperature. Finally, the entire sample bag with its remaining material was ashed at 550°C for 4 h, and the ash was weighed. Ash weights were calculated after accounting for the sample bag material. The composition of the neutral sugars glucose, arabinose, and xylose was measured using the two-step hydrolysis procedure in the Uppsala Method (Theander et al., 1995) . Ground plant samples weighing 0.1 g were placed in 50-mL test tubes and We previously estimated genetic distances among genotypes and among accessions on the basis of 89 SSR loci (Sakiroglu et al., 2010) . We computed a correlation between the genetic and phenotypic similarity matrices for individual genotypes and for accessions using Mantel's test (Mantel, 1967) with the software program GenAlEx (Peakall and Smouse, 2001 ). Neighbor-joining clustering represented in the form of a dendogram was created from the phenotypic distance matrix (NTSYS-pc; Rohlf, 1994) of 120 accessions and presented using Dendroscope (Huson et al., 2007) .
RESULTS AND DISCUSSION
Effects of Environments and Locations
Nine traits (NDF, ADF, ADL, TNC, arabinose, glucose, xylose, dry matter yield, and regrowth following harvest) were measured in each of 2 yr at two locations. For these traits, two-and three-way interactions among genotypes, years, and locations were present for all traits, with the exception of year × location interactions for NDF, ADF, and yield (data not shown). Because of the abundant interactions, we subsequently analyzed the data by location and by year. When analyzed by year, location eff ects and genotype × location eff ects were present for all traits except yield in both years, NDF and ADF in 2007, and NDF and stem thickness in 2008. When data were analyzed by location, year eff ects and year × genotype interactions were present for all traits in both the Watkinsville and Eatonton trials, with the exception of regrowth and TNC at Eatonton. Spearman rank correlations between the 2 yr were 0.58 for regrowth, 0.65 for yield, 0.39 for NDF, 0.33 for ADF, 0.40 for ADL, and 0.36 for TNC. Although these rank correlations are statistically significant, they reveal weak relationships between years, especially for composition traits.
In most previous analyses, relatively little genotype × environment interaction has been observed for composition traits in alfalfa (Sheaff er et al., 2000; Sheaff er et al., 1998), even in an analysis of a large germplasm collection (Jung et al., 1997) . Further, harvest timing × genotype interactions are also typically absent (Sheaff er et al., 2000; Sheaff er et al., 1998). In our experiment, the two harvests, one in each year, were taken at considerably diff erent times of the year and at diff erent developmental stages of the plant-autumn of the establishment year (2007) and early summer of the fi rst full production year (2008) . The eff ect of plant maturity on forage quality has been documented before (Kalu and Fick, 1981; Fick and Janson, 1990) . In 2008 most genotypes had fully fl owered at the time we harvested in early June, but in 2007, since harvest was in autumn, genotypes expressed a wide variation in maturity. This could have accounted for some of the genotype × year interaction in this study. The second possible reason for our widespread genotype × year interactions was the age of plants. Plants in the establishment year (2007) may have diff erent cell wall composition than in the fi rst full production year (2008), as was observed by Sheaff er et al. (1998) . Thus, the presence of genotype × year interactions in this experiment could be expected. Because of the extensive interactions, we analyzed the data separately for each year-location combination, which we denote as "environments" for convenience.
Trait Means and Correlations among Traits
Total biomass yield was much higher in 2008 than in 2007, refl ecting the plants' development (Table 1) . Mean regrowth in 2007 was lower than 2008, probably resulting from dormancy-induced growth cessation in at least some germplasms. Mean values for cell wall structural components were higher . The regrowth score of 0 indicates no growth, whereas 9 indicates abundant growth.
and TNC was lower in 2008 than in 2007 at both locations (Table 1) . Phenotypic correlations showed that biomass yield between years was correlated (r = 0.64; Table 2 ), similar to the rank correlation mentioned above. Regrowth likewise showed a strong correlation between years. The correlations among cell wall constituents in the same year were moderate (r ≤ 0.50). Yield in either year was not strongly correlated with any cell wall composition traits in 2007 but moderate to strong correlations were observed in 2008. However, a positive relationship between biomass yield and glucose concentration in both years suggests that higher yields could result in both higher glucose per area harvested and also higher concentrations of glucose. Of course, these are phenotypic, not genetic, correlations, but nevertheless, they are encouraging in terms of biofuel production.
Phenotypic Variation among Alfalfa Accessions
Wide variation among genotypes exists for all the traits evaluated (Table 1) , off ering considerable potential for selection and for identifi cation of desirable alleles potentially useful for introgression. The wide range in regrowth values following autumn harvest in 2007 suggests that diploid alfalfa germplasm spans a range of dormancy classes. Lignin limits the eff ective saccarifi cation of cell wall sugars (Chen and Dixon, 2007) , and higher lignin concentrations also lower forage nutritive value (Buxton and Russell, 1988; Albrecht et al., 1987; Reddy et al., 2005) . Decreasing lignin is therefore desirable for alfalfa forage or for bioethanol production. We found that the lignin level (ADL) in the unimproved diploid alfalfa stems ranged between 58 and 139 g kg -1 depending on the genotype and the environment, or 53 to 129% of the mean. This range is comparable to the reported reduction resulting from transgenic downregulation of enzymes involved in lignin biosynthesis (Guo et al., 2001b; Chen and Dixon, 2007) . A similar extent of variation exists for other cell wall components and agronomic traits as well. The tetraploid alfalfa core collection had a range of variation in NDF of 13% of the mean; ADF of 15%; and ADL of 26% ( Jung et al., 1997) . On the basis of our data from Watkinsville in 2008, the location that included all genotypes and fully developed plants, we found the range of variation in NDF was 40% of mean, ADF was 48%, and ADL was 50%. The variation detected in diploid germplasm was two-to four-fold higher than that reported in core collection, although we evaluated individual genotypes rather than comparing overall accessions. The variation in these traits will enable mapping the genetic control of forage quality, biofuel potential, and yield in diploid populations, thereby avoiding the complexity of tetrasomic inheritance. Our analysis of individual genotypes enables us to accurately select parents for future population development, leading to QTL discovery and manipulation.
Direct comparison of performance between tetraploid and diploid germplasm is diffi cult, not only because the germplasm sources may diff er, but also because ploidy may aff ect cell wall composition (McCoy and Bingham, 1988) . No examination of the direct eff ect of polyploidization has been made on alfalfa cell wall composition, but in vitro digestible dry matter was found to be equivalent between diploid and isogenic tetraploid alfalfa lines (Arbi et al., 1978) . Tetraploidization increases yield up to twofold, along with an increase of 5 to 22% in TNC (Dunbier et al., 1975) . Thus, lignin and cellulose content can be expected to diff er across ploidy levels, but an allele contributing to a reduction of lignin or elevation of cellulose may have the same directional eff ect at both ploidies.
Genotype and Accession Clustering
Our previous molecular marker analysis indicated that diploid germplasm can be diff erentiated into fi ve main groups, corresponding to northern and southern M. sativa subsp. caerulea, upland and lowland M. sativa subsp. falcata, and M. hemicycla (Sakiroglu et al., 2010) . Therefore, we evaluated diff erences in phenotypic traits among these fi ve groups. The groups diff ered for all traits (Table 3) . Glucose was the most abundant monosaccharide followed by xylose (Table 3) . Since higher glucose and xylose concentrations are desirable for effi cient biofuel production, genotypes with high monosaccharide concentration and successful performance in the fi eld in terms of agronomic traits are best for improving alfalfa as a bioenergy crop. Therefore, from a bioenergy perspective, the northern caerulea group and upland falcata group had most value. The northern caerulea group produced the most biomass yield and was among the highest for regrowth after harvest and xylose concentrations in 2007 and was the highest or was among the highest performing groups for glucose and xylose concentrations, biomass yield, plant height, spring recovery, and regrowth after harvest in 2008 (Table 3) . Upland falcata accessions also showed promise by having high glucose, xylose, and yield, although in general, this group has slightly lower overall value than caerulea. The yield of southern caerulea, lowland falcata, and hemicycla were considerably lower than the others, limiting their value for biofuel uses. The northern caerulea accessions PI 577545 and PI 577551 and upland falcata accessions PI 631817 and SD201 had high NDF and yield (see Supplementary  Table 1 ). Owing to the high correlation among cell wall components, high-yielding accessions with higher NDF or ADF values were also high in terms of ADL.
A principal components analysis indicated that the fi rst two principal components accounted for 61% of the variation among genotypes (42% for PC1 and 19% for PC2). A plot of PC1 vs. PC2 did not show any clear clustering of genotypes (Fig. 1) . In particular, we were interested to determining if phenotypic diff erences would refl ect the diff erentiation we had observed using genetic markers. Our evaluation of population structure within diploid M. sativa germplasm clearly separated falcata from caerulea, leaving hemicycla in between, and provided strong evidence for further hierarchical separation of both falcata and caerulea into two groups (Sakiroglu et al., 2010) . The visual clustering of the phenotypic data did not refl ect that separation, although the Mantel test showed a very weak but statistically signifi cant correlation between the phenotypic and genotypic matrices (R = 0.15).
We then conducted a similar analysis evaluating accessions, rather than the individual genotypes. The fi rst principal component accounted for 42% and the second principal component accounted for 21% of the variation. Plotting the fi rst two principal components derived from an analysis of the phenotypic data of the 120 accessions also did not cluster accessions into distinct subgroups (Fig. 2) , in accordance with the phenotypic analysis of the individual genotypes.
The distance matrix computed on the basis of phenotypic data was used to develop a neighbor-joining dendrogram showing relationships among accessions. Three clusters of accessions were evident (Fig. 3 ) but these did not correspond to those found with the molecular marker analysis. Each of the three clusters included accessions from all fi ve molecular-marker defi ned groups (Fig. 2) . When we compared the three clusters on the basis of agronomic performance and cell wall composition we found that cluster 3 had the highest performance of total biomass yield and regrowth in both years, whereas cluster 1 performed poorest in those two agronomic traits (data not shown). The other traits did not show a consistent pattern among clusters.
Practical Implications
From a breeding standpoint, the relationship between phenotypic and genetic distance can help to eff ectively identify valuable germplasm. The lack of a relationship between the molecular-marker-based clustering and phenotypic clustering may imply that desirable alleles for improvement of yield and cell wall traits (either in the context of forage quality or biofuel potential) are dispersed across all subspecies. Alternatively, the markers we tested may not be related to the quantitatively inherited agronomic traits we evaluated, so that genetic distances estimated from them are not reliable for predicting distributions of trait alleles, as suggested previously (Burstin and Charcosset, 1997) . Certain germplasm sources, such as the northern caerulea accessions, for example, off er the best starting point for accessing new genes for cultivated alfalfa because they generally have more agronomically desirable trait values than other sources. Nevertheless, other germplasm, particularly falcatas, should be carefully evaluated for the traits of interest as these may contain novel alleles, as suggested by their molecular marker distinctiveness. The next step in using this material is to develop populations, select at the diploid level for agronomic utility, and then scale to the tetraploid level using unreduced gametes, following an analytic breeding scheme (Chase, 1963) , or directly tetraploidize individual plants and use them as donors of specifi c alleles on the basis of future mapping eff orts. The key fi nding in this experiment is that diploid germplasm has wide variation and could serve as a useful reservoir of benefi cial alleles for cultivated tetraploid alfalfa.
